We propose a new mechanism to explain neutrino masses with lepton number conservation, in which the Dirac neutrino masses are generated at the two-loop level involving a dark matter 
I. INTRODUCTION
Although the Standard Model (SM) is consistent with the current data of collider experiments, there are still mysterious phenomena which cannot be explained in the SM, such as the origin of neutrino masses, the nature of dark matter and the baryon asymmetry of the Universe. To explain these phenomena by extending the SM is one of the central interests of today's high energy physics. Various models and mechanisms have also been proposed.
For the origin of neutrino masses, many new models have been studied along with the idea of the seesaw mechanism, which explains Majorana-type tiny neutrino masses by introducing new heavy particles, such as right-handed neutrinos [1, 2] , an additional isospin triplet scalar field [2, 3] and isospin triplet fermions [4] . There is also an alternative scenario where tiny neutrino masses are generated by quantum effects. The first model along this line was proposed by Zee [5] , in which one-loop effects due to an additional Higgs doublet field and a charged singlet scalar field yield Majorana-type tiny neutrino masses. There have been many variation models [6] [7] [8] [9] [10] [11] [12] , some of which introduce an unbroken discrete symmetry in order not only to forbid tree-level generation of neutrino masses but also to guarantee the stability of extra particles in the loop so that the lightest one can be identified as a dark matter candidate [9] [10] [11] [12] . In Ref. [11] , an extended scalar sector for inducing neutrino masses at the three loop level with a dark matter candidate is also used to cause the strongly first order electroweak phase transition, which is required for successful electroweak baryogenesis [13] .
In addition, models which generate Dirac-type tiny neutrino masses by quantum effects have also been proposed in Refs. [14] [15] [16] . In Ref. [16] , introducing right-handed neutrinos with an odd quantum number under a new discrete symmetry, Dirac-type tiny neutrino masses are generated at the two-loop level. This model also has a dark matter candidate and can realize the strongly first order phase transition.
In Ref. [17] , a class of models in which Majorana-type tiny neutrino masses are generated by quantum effects has been comprehensively studied by using flavor structures of induced neutrino mass matrices. Classification of models to generate Dirac-type neutrino masses has also been performed in Ref. [18] .
Several years ago, anomaly for a lepton flavor violating (LFV) decay process of the Higgs boson h → µτ at the LHC was reported by ATLAS [19] and CMS [20, 21] , although it disappeared soon later [22] . Motivated by this anomaly, the authors of Ref. [23] examined in a systematic way what kind of models for neutrino masses can predict a significant amount of signals for h → µτ . It was shown that most of the proposed models radiatively generating Majorana-type neutrino masses and Dirac-type neutrino masses, as well as minimal models of Type-I, II and III seesaw mechanisms are excluded if the signal of LFV decays of the Higgs boson is observed at future collider experiments without detecting LFV process for charged leptons. They also found that only a few models, in which Dirac-type neutrino masses are generated radiatively, may not be excluded even in this case.
In this paper, we concretely build one of such models, where additional scalar fields as well as right-handed fermions are introduced with even or odd charge under new discrete symmetries, so that Dirac-type tiny neutrino masses are generated at the two-loop level and a dark matter candidate is also contained. The branching ratio for LFV decays of the Higgs boson is not too small in spite of the stringent constraints from LFV processes for charged lepton decays. We will show that the model can be viable under the constraints from current data for neutrino experiments, searches for flavor violating decays of charged leptons and dark matter experiments. This paper is organized as follows. In Sec. II, we define our model and introduce new fields and symmetries. In Sec. III, we give the formula of neutrino mass matrix which is generated at two-loop level. In Sec. IV, we consider the LFV processes ℓ → ℓ ′ γ, h → ℓℓ ′ and ℓ m → ℓ n ℓ p ℓ q . In Sec. V, we show formulae of the thermally averaged cross sections of annihilation processes of the dark matter and the relic abundance. In Sec. VI, we present two benchmark scenarios and give numerical results of various phenomena in Secs. III, IV and V. The first scenario is for the normal ordering mass hierarchy of neutrinos, and the second one is for the inverted ordering one. Conclusions are shown in Sec. VII. Some formulae are presented in Appendices.
II. MODEL
In our model, fields listed in Table I are added to the SM ones. We impose the conservation of the lepton number L to our model. Gauge singlet right-handed fermions ν iR (i = 1, 2, 3) have L = 1, which compose three Dirac neutrinos with left-handed neutrinos ν ℓL (ℓ = e, µ, τ )
On the other hand, lepton numbers of the other gauge singlet fermions ψ aR (a = 1, 2, 3) are zero. They have Majorana mass terms, Table I . Although neutrino masses in the lagrangian are forbidden by Z ′ 2 , they can be generated at the loop level via the soft breaking effect in the scalar sector. Throughout this paper, we take the basis where ℓ, ν iR , and ψ aR are mass eigenstates.
Four new scalar fields (Φ, s 
1 Actually, the Z ′ 2 parity of Φ is irrelevant to our study in this article so that the odd-parity is also acceptable for Φ. The scalar potential is given by
Notice that σ 1 is the soft breaking parameter for Z ′ 2 .
3 There are five complex coupling constants (σ 1 , σ 2 , σ 3 , ξ 1 , and ξ 2 ), and two CP-violating phases remain as physical parameters after redefinitions of phases of fields. 4 In this article, coupling constants in the scalar potential are taken to be real, just for simplicity.
The SM Higgs doublet field φ does not mix with the other scalar fields in our model.
Thus, identically to the SM, the field can be expressed as φ = (
where v (= −µ Fields Φ ++ and η 0 are mass eigenstates. Their squared masses are given by
Mass eigenstates π 
III. NEUTRINO MASS
Mass terms (m D ) ℓi ν ℓL ν iR of Dirac neutrinos are generated in our model via two-loop diagrams in Fig. 1 . The Dirac neutrino mass matrix (m D ) ℓi is calculated as
where the coupling constant σ 1 in Fig. 1 is replaced by using 2σ
The explicit formula for the loop function I ℓ ′ ak is given in Appendix A. Notice that σ 2 sin(2θ)
Since we take the basis where ν iR are mass eigenstates, the neutrino mass matrix (m ν ) ℓi is diagonalized as
where m i (i = 1, 2, 3) denote masses of Dirac neutrinos. The mixing matrix U MNS is the Maki-Nakagawa-Sakata matrix [24] , which can be parameterized as
where c ij = cos θ ij and s ij = sin θ ij , and δ is a CP-violating phase in the lepton sector.
IV. LEPTON FLAVOR VIOLATION
Matrices Y 1 , Y 2 , and Y η are not diagonal and cause LFV processes. Radiative decays of charged leptons, ℓ → ℓ ′ γ, can be caused via the one-loop diagrams in Fig. 2 . Ignoreing m ℓ ′ , branching ratios of these decays are expressed as
where
0.174 and Br µ → eν µ ν e ≃ 1 [25] . Formulae of A 
Decay widths for h → ℓℓ
where we take m ℓ ′ = 0. Formulae of B New scalar bosons in our model contribute also to ℓ m → ℓ n ℓ p ℓ q (m = 2, 3 and n, p, q = 1, 2) with new Yukawa interactions, where ℓ 1 , ℓ 2 and ℓ 3 corresponds to e, µ and τ , respectively.
Contributions from penguin diagrams can be ignored because of the constraint from ℓ → ℓ ′ γ.
However, if some coupling constants of new Yukawa interactions are O(1), box diagrams in
Fig . 4 should be considered. Branching ratios for ℓ m → ℓ n ℓ p ℓ q via the box diagrams are
given by
where S = 1 (2) for p = q (p = q). The variable (C Fig. 4 . See Appendix D for formulae of (C) mnpq 's. Current constraints on the branching ratios for LFV processes (ℓ → ℓ ′ γ, h → ℓℓ ′ , and ℓ m → ℓ n ℓ p ℓ q ) are summarized in Table II .
V. DARK MATTER
In our model, dark matter candidates are the lightest of fermions ψ a and a scalar η 0 , which are neutral Z 2 -odd particles. Notice that η 0 from a doublet field is a complex scalar Process Upper limit µ → eγ 4.2 × 10 −13 [26] τ → eγ 3.3 × 10 −8 [27] τ → µγ 4.4 × 10 −8 [27] Process Upper limit µ → eee 1.0 × 10 −12 [28] τ → eee 2.7 × 10 −8 [29] τ → µeµ 2.7 × 10 −8 [29] τ → eµµ 1.7 × 10 −8 [29] τ → eeµ 1.8 × 10 −8 [29] τ → µee 1.5 × 10 −8 [29] τ → µµµ 2.1 × 10 −8 [29] Process Upper limit h → µe 3.5 × 10 −4 [30] h → τ e 6.1 × 10 −3 [22] h → µτ 2.5 × 10 −3 [22] TABLE II. Current experimental constrains on branching ratios of LFV processes.
with the lepton number L = −1. In other words, there is no mass spritting between CPeven and odd parts of η 0 . According to Ref. [31] , the scenario where the dark matter is such a complex scalar is stringently constrained from direct search experiments because it interacts with nuclei at tree level. Therefore, we consider the case where the dark matter is the lightest one of gauge singlet Majorana fermions ψ a .
The dark matter candidate ψ a can be annihilated via tree-level diagrams shown in Fig. 5 .
The thermal averages σv rel , where σ is annihilation cross section of ψ a and v rel denotes the relative velocity of the initial particles, is given by a sum of two processes as σv rel = 
where x = m ψa /T at the temperature T . In Appendix E, σv rel for more general case is presented. The relic abundance of ψ a with the p-wave annihilation is calculated as
where m Pl = 1.2 × 10 19 GeV stands for the Planck mass, and g * = 106.75 (g * S = 106.75) is the effective degree of freedom for energy (entropy) density in the era of the freeze out of the dark matter [32] , and x f is defined by
where g ψ = 2 is the degree of freedom of ψ a .
VI. BENCHMARK SCENARIOS AND NUMERICAL EVALUATION
We here consider the possibility that h → µτ is enhanced in comparison with LFV decays of charged leptons. First, we take the following benchmark scenario for m 1 < m 3 (the normal ordering case of neutrino masses): 
The small value of the mixing angle χ implies ω 
where ∆m
. The values of m 1 is also consistent with i m i < 0.26 eV that is given by cosmological observations [34] , although m 1 is not constrained by the oscillation data. In Table III , we show branching ratios for the LFV processes ℓ → ℓ ′ γ, ℓ m → ℓ n ℓ p ℓ q and h → ℓℓ ′ in our benchmark scenario given in Eq. (22) . They satisfy the constraints from the current data in Table II . Since the elements of Y η are rather small as seen in Eq. (22), the (16) is indeed much larger than BR(τ → µγ). This hierarchy is what expected in Ref. [23] , and our calculation explicitly shows that the expectation is correct.
In Fig. 6 , we show plots of the branching ratio for τ → µγ versus that for h → µτ . In the left one, we change only the values of (Y 1 ) µ2 between −1.5 and 1.5. In the right one, we 5 Notice that other Λ π 's and Λ ω 's do not contribute to the cancellation dominantly because θ and χ are small in the benchmark scenario.
FIG . 6 . Plots of the branching ratio for τ → µγ versus that for h → µτ .
assume that the form of the matrices Y 1 and Y 2 is
where k = 1, 2, and then we vary eight unfixed parameters between −1.5 and 1. 
× 10
−8 , and the lower one is the expected upper limit, 1.0 × 10 −9 , from the Belle-II experiment [35] with the integrated luminosity 50 ab −1 . In the case with same sign λ's, the correlation between branching ratios is almost linear, and BR(τ → µγ) is larger than BR(h → µτ ) in most of the orange points. In the case with opposite sign λ's, on the other hand, BR(h → µτ ) are significantly larger than BR(τ → µγ) in some of the blue points.
This is just what we anticipated. The red point represents the result in the benchmark scenario.
In Fig. 7 , we show the plot for BR(τ → µµµ) versus BR(h → µτ ) under the same assumptions as in the right one of Fig. 6 . The upper dashed line is the current upper limit for BR(τ → µµµ), 2.1 × 10 −8 , and the lower one is the expected upper limit, 3.3 × 10 −10 , from the Belle-II experiment [35] with the integrated luminosity 50 ab −1 . We cannot find any correlation between the branching ratios, because these processes are given by different kind of Feynman diagrams.
Although BR(h → µτ ) = 1.04 × 10 −7 is about 10 2 times larger than our prediction on BR(τ → µγ), the value is rather below the expected sensitivities, O(10 −4 ) at HL-LHC [36, 37] and O(10 −5 ) at ILC250 [38] . We can in principle enhance BR(h → µτ ) further by taking larger values 6 of Y 1 , Y 2 , and λ's, although we should worry about unitality bounds. On the other hand, the values for BR(τ → µγ) and BR(τ →μµµ) in our benchmark scenario are close to the sensitivity in Belle II experiment [35] , and then the scenario might be tested. In the case that τ → µγ or τ → µµµ is observed, we can distinguish our benchmark scenario from other models for tiny neutrino masses by the searches for the signal of h → µτ .
The dark matter in the benchmark scenario is the lightest Z 2 -odd Majorana fermion ψ 1 .
The density of the thermal relic abundance Ω ψ 1 h 2 can be evaluated with Eqs. There is no tree-level contribution to the dark matter scattering off nuclei, because ψ a are gauge singlet fermions. The scattering occurs at one-loop level via three penguin diagrams 6 It is difficult to take lighter masses of s with ω 1 , ω 2 and η 0 in the loop. In our benchmark scenario, the elements of the matrix Y η are typically smaller than those of Y 2 , so that we consider only the contribution from the diagram with ω 2 in the loop. In Ref. [40] , the authors studied in detail the gauge singlet Majorana dark matter which is coupled to a dark scalar and charged leptons. They also considered the scenario where the dark matter has no interaction with electrons, which is similar to our benchmark scenario. They gave the constraint from the direct searches with the combined data from XENON1T [41] , PandaX [42] and LUX [43] . All the other parameters are taken to be the same with those in Eq. (22) .
The neutrino mass matrix generated at two loop gives the following values, which are consistent with the current constraint from neutrino oscillation experiments [25] , sin 2 θ 12 = 0.307, sin 2 θ 13 = 2.12 × 10 −2 , sin 2 θ 23 = 0.421,
The value of m 3 satisfies the condition from the Planck ovservation, i m i < 0.26 eV [34] .
Branching ratios for the LFV processes in this scenario are listed in Table IV The constraint from the direct detection experiments is also the same with the previous scenario.
VII. CONCLUSIONS
We have proposed a new mechanism to explain neutrino masses with lepton number conservation, in which the Dirac neutrino masses are generated at the two-loop level involving a dark matter candidate. In this model branching ratios of lepton flavor violating decays of the Higgs boson can be much larger than those of lepton flavor violating decays of charged leptons. We have found the benchmark scenarios for normal ordered masses of neutrinos and inverted ones, where the neutrino mass matrix, the relic density of dark matter and the branching ratios for LFV processes can satisfy the constraints from current experimental data. We have showed that BR(h → µτ ) is about 10 2 lager than BR(τ → µγ) in our bench- In this paper, we did not discuss collider signature of new scalars and fermions. Collider phenomenology for Z 2 -even/odd charged singlet scalars in different models can be found in the literature [44, 45] / [45] [46] [47] , while that for Φ (Y = 3/2) has been discussed in Ref. [48, 49] in the different context. We will discuss these issues elsewhere in the future [50] .
Research (C)).
In Sec. IV, blanching ratios for ℓ → ℓ ′ γ are given by Eq. (16), which depend on A
and A ω L . We here present their explicit formulae. They are given by
where F 2 (x) and G(x) are defined as
Terms that proportional to M ψa /m ℓ in formulae of A 
Coefficients Λ π kk ′ and Λ ω kk ′ are defined in order to satisfy
and given by 
where ∆ and Σ are defined as
and the symbol denotes the integration with respect to x, y, z and ω as follows;
By exchanging p and q for (C 
leptons, σ ℓ v rel , which is shown by the left of Fig. 5 , is given by
